Abstract. Concrete is the most widely used material for bridge structures in Lithuania. A case study performed by the authors revealed that application of fibres might improve serviceability of such structures. However, adequacy of prediction of the post-cracking behaviour of steel fibre reinforced concrete might be insufficient. The latter issue is closely related to the assessment of the residual strength of steel fibre reinforced concrete. The residual strength, in most cases, is considered as a material property of the cracked concrete. However, in the prediction of the structural behaviour of the concrete members with bar reinforcement, a straightforward application of the residual strength values assessed by using standard techniques might lead to incorrect results. The present study deals with the post-cracking behaviour of structural elements made of concrete with aggregates and fibres provided by Lithuanian companies. Test results of three full-scale and sixteen standard steel fibre reinforced concrete beams with two different content of fibres (23.6 kg/m 3 and 47.1 kg/m 3 ) are presented. The full-scale beams were reinforced with high-grade steel bars. Effectiveness of the application of the minimum content of the fibres in combination with bar reinforcement was revealed experimentally.
Introduction
Steel fibre reinforced concrete (SFRC) has become a common material in areas such as underground shotcrete structures and industrial floors. The inclusion of fibres into the concrete matrix contributes mainly to the energy absorption capacity and crack control leading to the increased ductility, toughness and post-cracking stiffness of the structural elements (Rafiei et al. 2016) . Steel fibre reinforcement becomes effective after the concrete cracking initiation and, mostly, improves the post-cracking behaviour, due to the stress transfer mechanisms provided by fibres bridging cracked sections . Crack propagation in SFRC is counteracted by the bond stresses induced at the fibres and concrete matrix interface during the fibre pull-out. Therefore, a cracked section is capable to carry tensile stresses. This effect is known as the residual strength of cracked SFRC in tension.
One of the most important properties of SFRC is its ability to transfer tensile stresses across a cracked section. However, it is strongly dependent on the effectiveness of the fibre reinforcement (closely related to fibre geometry, strength, and bond with concrete) as well as fibre orientation and distribution in the cracked section (Vandewalle 2000) . SFRC is often considered as a homogenous material. Thus, the ability to resist tension stresses over the cracked section can be described by residual stress-crack opening (σ fr -w) relationship. Residual stresses are determined by using different empirical techniques or experimental methods (uniaxial tension, wedge splitting, bending tests). Due to the difficulties in performing the uniaxial tension and wedge splitting tests, flexural tests on notched beams are widely used for indirect determination of residual stresses in the tension of an SFRC member (Afroughsabet et al. 2016) . The crack width and the deflection are measured together with the corresponding load applied under deformation control through the flexure layout. The residual strength, consequently, is considered as a material property of the cracked concrete. However, in the prediction of the structural behaviour of the concrete members with bar reinforcement, a straightforward application of the residual strength values assessed by using standard techniques might lead to incorrect results (Deluce et al. 2014; Gribniak et al. 2012; Sahoo, Sharma 2014; Vandewalle 2000) .
Concrete is the most widely used material for bridge structures in Lithuania. Application of fibres might improve serviceability of such structures (Kaklauskas et al. 2014) . However, adequacy of prediction of the post-cracking behaviour of SFRC might be insufficient. The present study deals with the post-cracking behaviour of structural elements made of concrete with aggregates and fibres provided by Lithuanian companies. Test results of three fullscale and 16 standard SFRC beams with two different content of fibres (23.6 kg/m 3 and 47.1 kg/m 3 ) are presented. The full-scale beams were reinforced with high-grade steel bars. Effectiveness of the application of the minimum content of the fibres in combination with bar reinforcement was revealed throughout the tests.
Experimental program
The experimental program consisted of sixteen small (standard) and three full-scale SFRC beams cast using concrete mixtures described in Table 1 . The standard specimens were used for assessment of the residual strength of SFRC mixtures M2 and M3 with 23.5 kg/m 3 and 47.1 kg/m 3 of hooked-ended steel fibres (produced by Mechel Nemunas), equivalent to 0.3% and 0.6% of the total concrete volume, respectively. The residual stresses were established according to International Union of Laboratories and Experts in Construction Materials, Systems and Structures (Rilem) and German Committee for Structural Concrete (DAfStb) recommendations. The respective testing of layouts is shown in Fig. 1 .
Three-point bending test according to Rilem was performed on ten 150×150×600 mm prisms. The specimens were notched on one of the faces perpendicular to the casting surface, using wet sawing, through the width of the beam at the midspan. The width and depth of the notch were 5 mm and 25 mm, respectively. The specimens were placed on roller supports assuring a free span of 500 mm. Displacement controlled testing machine was used and beams were loaded with a rate of 0.2 mm/min. The tests were performed under crack tip opening displacement (CTOD) control. For the measurement of CTOD, a linear variable displacement transducer (LVDT) was glued to the specimen and located at the top of the notch. In addition to the CTOD, the deflections on both sides of the beams were measured using LVDT.
Another six small beams were cast and tested following the recommendations of DAfStb. Four-point bending tests were performed on 150×150×700 mm prisms (a free span of 600 mm). The specimens were tested by using the same testing machine and loading rate as was applied for the Rilem tests, while the DAfStb tests were performed under deflection control, measuring the deflections on both sides of the beams with LVDTs.
The three full-scale beams had a span of 3000 mm, with a nominal length of 3100 mm or 3280 mm and were tested under a four-point loading scheme. The beams had the same nominal cross-section parameters, resulting in the depth of 300 mm and width of 280 mm (Fig. 2) . The beams were reinforced with two 12 mm bars in the tensile zone with the reinforcement ratio of 0.3%. For the top reinforcement two 6 mm bars (reinforcement grade S500) were used. As shown in Fig. 2 , the 6 mm stirrups with 100 mm spacing were used for avoiding shear failure. The beams were made of the concrete containing zero, 23.5 kg/m 3 and 47.1 kg/m 3 of hooked-ended steel fibres. Main parameters of the full-scale beams are given in Table 2 , where A s1 and A s2 are the cross-section areas of top and bottom reinforcement, respectively; p is the reinforcement ratio of tensile reinforcement; V f is the volume content of the fibres; f c is the concrete compressive strength determined by using ∅150×300 mm cylinders; E c is the elastic modulus of the concrete; f y and E s are the yielding strength and the elastic modulus of the bar reinforcement, respectively. All specimens were cured under the laboratory conditions at average relative humidity (RH) 64.7%. The beams were demoulded in 2-3 days after casting. The full-scale beams were tested using ПР-1000 testing machine. The load was applied with 2 kN increments only pausing for a short period (approximately 1-2 min) to take readings of the gauge and to measure crack development. The magnitude of the load was fixed using digital 500 kN dynamometer (load cell). The load was applied to the beam through steel traverse (length of traverse is 1250 mm); 10 mm steel plates were glued at the load application place to avoid a stress concentration. The arrangement of the testing equipment is shown in Fig. 3 .
The concrete surface strain was measured using 20 mechanical micrometres with circular scale (indicators) with accuracy ±0.003 mm (gauge length is 200 mm). As shown in Fig. 3 (view "A") , four continuous gauge lines (with five mechanical gauges in each line) were located at different heights. The two outer gauge lines were placed along the top and the bottom reinforcement, whereas two other lines were located 60 mm from the boundary lines. The readings of indicators were taken at every load stage. Deflections of the beams were measured with the help of linear variable differential transducers (L 1 -L 8 , Fig. 3 ) placed beneath the soffit of each of the beams. The LVDT Almemo T50 with an accuracy of ±0.15% were used for this purpose. The LVDT and dynamometer were connected to a personal computer through signal processing equipment Almemo 25 90-9 and the readings were taken every second.
Results and discussion
This section considers the test results of standard and fullscale beams. From the results of individual standard beams tested under three-point loading (Rilem test), load-crack width and load-deflection curves were constructed. Fig. 4 shows the load-crack width diagrams for 0.3% and 0.6% of the volume fibre content (V f ), while Fig. 5 shows the load-deflection diagrams obtained following the DAfStb methodology for 0.3% and 0.6% of fibre content, respectively. Comparative analysis of Figs 4 and 5 reveals two important aspects: 1) Both testing techniques (Rilem and DAfStb) indicate an increase of the peak load and the post-peak load with increased volume of the fibres. This result is quite natural as the increase in the material parameters is related to the number of fibres in a critical section.
2) Scatter in the obtained diagrams is significant, but different for the Rilem and the DAfStb techniques. The testing layout mainly influences such a variety of results. Regardless the loading differences between the three and four point tests, there is a key aspect caused the diverse outcomes: the cross section has a notch at midspan in the three-point bending test, whereas in the four-point bending test the beam is uncut. The DAfStb standard, considering the pure bending zone, "smears" the residual stresses attributing them to the naturally weakest section. Thus, the variation of the section parameters among the samples is less significant as indicated by the Rilem test. Regarding the three-point bending tests, the notch promotes the localization of the crack initiation. Consequently, the residual strength is governed by orientation and number of fibres acting at the pre-notched (unnecessary weakest) section. The arbitrary choice of the notch-place introduces an additional portion of uncertainty into the Rilem test output.
The latter difference in the testing layout causes a variation of the residual strength assessment results. Tables 3 and 4 present the residual strength of the SFRC obtained by the Rilem and the DAfStb methodologies. The strength values (σ fr1 and σ fr4 ) in the tables by both codes are related to the same deflection values, i.e. 0.5 mm and 3.5 mm, respectively. However, these deflections are uneven due to different loading conditions (Fig. 1) . Therefore, the residual stress-strain diagrams suitable for the comparison purpose are presented in Fig. 6 . For 0.6% fibre content, higher residual stresses are obtained by the DAfStb method, whereas for 0.3% fibre content it shows lower values than the Rilem method. For the same concretes, both approaches indicate the different effect of Fig. 3 . Structural system and equipment arrangement of the full-scale beams the increase in the fibre content. Furthermore, the initial strength shown in the diagrams is also different. The initial strength is crucial for the assessment of the fibre effect in the presence of bar reinforcement as the behaviour of such elements is characterized by the increased number of relatively smaller cracks. The disagreement between the Rilem and the DAfStb models evidences the complexity of the residual strength issue. The advantage of the four-point un-notched bending (DAfStb) test is related to the ability of incorporating the effect of variation in the material's strength since the first crack nominally appears at the weakest section. A disadvantage is associated with inability to precede position of the crack. For particular fibre volume ratios and compressive strengths, the formation of several cracks in the pure bending zone complicates measurement of the crack opening and hampers assessment of the deflections (Gopalaratnam 1995) . Both approaches, nevertheless, are capable of predicting post-cracking behaviour of SFRC (Blesak et al. 2016; Groli, Caldentey 2016; Iqbal et al. 2015) ; however, addition of bar reinforcement complicates assessment of the residual effect of the fibres (Gribniak et al. 2012; Sanchez-Aparicio et al. 2015) . The moment-curvature relationships of the full-scale beams are shown in Fig. 7 . The tests stopped when the ultimate theoretical strain of the high-grade steel reinforcement was reached. Although a significant difference is characteristic of the deformational behaviour of the reference and SFRC beams, the change in the volume of fibres from 0.3% to 0.6% has a marginal effect on the flexural stiffness. Figure 8 , presenting the final crack patterns of the test beams, reveals the same tendency -the increase of the fibre content (from 23.5 kg/m 3 to 47.1 kg/m 3 ) has practically no influence on the crack number. This effect is explained by a relatively small crack width characteristic of the full-scale beams reinforced with longitudinal bars. In other words, the ultimate crack width determined in the full-scale beams at the failure of the bar reinforcement was about 0.2 mm, while the Rilem standard considers 0.5 mm as the minimum characteristic value for assessment of the residual strength. Although the observed crack width of the full-scale beams is related to a particular geometry, material properties, and loading conditions, the cracking range less than 0.5 mm (vital for the assessment of the post-cracking behaviour of SFRC elements with bar reinforcement) is evidently ignored by the standard techniques. Further research is essential to fill this gap in the material science.
Concluding remark
The present study is dedicated to the experimental investigation of the post-cracking behaviour of steel fibre reinforced concrete beams made of concrete with aggregates and fibres provided by Lithuanian companies. Test results of three full-scale and sixteen standard steel fibre reinforced concrete beams with two different content of fibres (23.6 kg/m 3 and 47.1 kg/m 3 ) are presented. The full-scale beams were additionally reinforced with high-grade steel bars. The residual stresses were assessed using the Rilem and the DAfStb methodologies. The results have shown the effectiveness of the minimum content of the fibres in combination with the bar reinforcement for structural applications. Further research should be addressed to the identification of optimal fibre shape and proportions for application in concrete structures with bar reinforcement. Residual strength models of steel fibre reinforced concrete also require modification to cover the range of crack widths less than 0.5 mm. 
